Alpha-helical coiled-coils are widely occurring protein oligomerization motifs. Here we show that most members of the collagen superfamily contain short, repeating heptad sequences typical of coiled coils. Such sequences are found at the N-terminal ends of the C-propeptide domains in all fibrillar procollagens. When fused C-terminal to a reporter molecule containing a collagen-like sequence that does not spontaneously trimerize, the C-propeptide heptad repeats induced trimerization. C-terminal heptad repeats were also found in the oligomerization domains of the multiplexins (collagens XV and XVIII). N-terminal heptad repeats are known to drive trimerization in transmembrane collagens, while fibril associated collagens with interrupted triple helices (FACITs), as well as collagens VII, XIII, XXIII and XXV, were found to contain heptad repeats between collagen domains. Finally, heptad repeats were found in the von Willebrand factor A domains known to be involved in trimerization of collagen VI, as well as in collagen VII. These observations suggest that coiled-coil oligomerization domains are widely used in the assembly of collagens and collagen-like proteins.
Introduction
The mechanisms controlling chain oligomerization in extracellular matrix and related proteins are currently topics of active research (1, 2) . In the case of the collagen superfamily, which includes both collagens and collagen-like proteins (3) (4) (5) , a number of structural features have been identified that are essential for bringing together component polypeptide chains with the correct stoichiometry, thus leading to folding of the triple-helix. Early studies on the procollagen precursors of the fibrillar collagens (types I, II, III, V and XI) (6) showed that the C-propeptide regions are necessary to direct correct chain association, which is followed by zipper-like folding of the triple-helix in the C-to N-terminal direction (7) . This concept was subsequently extended to basement membrane collagen type IV (8) (9) (10) , microfibril forming collagen VI (11, 12) , members of the C1q family (13) including collagens VIII and X (14) (15) (16) (17) and the emilins (18) , and the have shown that the coiled-coil region is both necessary and sufficient for trimerization of SP-assess the likelihood of coiled coil formation. Experience has shown that this approach can more easily recognize heptad discontinuities and individual or small groups of residues that are generally disruptive to coiled-coil formation, hence allowing elimination of some regions from further consideration.
Although sequences were analyzed for their potential to form either two or threestranded helices using SCORER (38), their very short lengths (2-3 heptads in general)
rendered the results statistically uncertain. The presence of three-chain structures in the proteins reported here would nonetheless strongly favor the formation of three-stranded rather two-stranded coiled-coils.
To test the plausibility of a three-stranded coiled-coil geometry for the heptad containing region of type I procollagen C-propeptides, a model three-stranded coiled-coil was built based on the homotrimeric GCN4-pII leucine zipper structure (PDB code 1gcm).
Appropriate residue replacements were made, placing the proα1 chains onto chains A and B and the proα2 chain onto chain C of GCN4-pII, in such a way as to ensure the heptad repeat patterns were in phase. The packing of the core residues was then checked manually using Turbo-Frodo 5.5 (http://afmb.cnrs-mrs.fr/TURBO_FRODO), noting particularly the positions of the a and d residues relative to those in the GCN4-pII structure. Automated energy minimization was done in a multi-step process using conjugate gradients followed by simulated annealing with CNSsolve 0.5 (39) . In the conjugate gradient minimization, the main-chain atoms were first held fixed followed by harmonically restraining them to their initial positions with an energy constant of 10 kcal/mol.A 2 . Annealing using torsion dynamics was employed with the main-chain atoms again harmonically restrained. Oligonucleotide primers used for PCR and overlap extension PCR procedures were synthesized by Invitrogen. One PCR was carried out to amplify type IIA N-propeptide cDNA using primers 1 and 2 (Table II) for 30 cycles (95°C, 30s; 55°C, 30s; 72°C, 50s). Here, IIA Npro/SP-D cDNA in pGEM3Z was used as a substrate (28). Another set of PCRs was done to amplify cDNA encoding the 18, 25 or 31 amino acid sequence of the C-propeptide (plus the terminal alanine residue of the telopeptide at the procollagen C-proteinase cleavage site)
corresponding to amino acid numbers 1172-1189, 1172-1196 or 1172-1202, respectively (Gene Bank Accession number X16468). Table II shows the sequence of the PCR primer pairs used to amplify the cDNA fragments encoding each of the three C-propeptide regions.
Each of these PCRs was carried out for 30 cycles (95°C, 30s; 55°C, 30s; 72°C, 25s) and oligonucleotides encoding amino acid residues 1172-1189, 1172-1196 or 1172-1202 of the Cpropeptide were used as substrates. Overlap extension PCRs were then prepared by mixing cDNA encoding the IIA N-propeptide with cDNA encoding one of the three C-propeptide cDNA fragments. To promote overlap extension, a preliminary PCR was carried out for 5 cycles in the absence of primers (95°C, 30s; 52°C, 30s; 72°C, 45s). Primer pairs were then added to each PCR (Table II) and IIA N-pro/CPII cDNA fusion constructs were amplified for 30 cycles (95°C, 30s; 55°C, 30s; 72°C, 55s). cDNA fusion constructs were purified from 1% agarose gels, digested with EcoRI and subcloned into pcDNA3 (Invitrogen). DNA sequencing using the T7 and sp6 promoter primers confirmed correct orientation of the inserted cDNA fragments. Fig. 1A shows an amino acid sequence alignment of the C-propeptide domains of the human fibrillar procollagens. From the pattern of repeating hydrophobic residues at positions a and d, and the frequent occurrence of charged residues at positions e and g, it can be seen that there are up to four heptad repeats, indicative of coiled-coils, beginning soon after the procollagen C-proteinase cleavage site. In all chains, the g position at the end of the fourth heptad repeat is a proline which therefore defines the end of the α-helical region. The extent of the heptad repeat pattern is similar to that found in the collectins (Fig. 1B) , again C-terminal to the collagenous region. This suggests the existence of a coiled-coil structure near the N-terminus of all fibrillar Cpropeptide trimers. Putative coiled-coil regions were also found C-terminal to the triple helix in the fibrillar procollagens XXIV (42) and XXVII (43, 44) (Fig. 1A) .
Transient transfections -

Results
Coiled coils in fibrillar procollagen C-propeptides -
When the C-propeptide heptad repeats were further analyzed using SCORER (38), a preference for three-stranded, as opposed to two-stranded, coiled coils was evident (data not shown). Modeling of the three-dimensional structure of the type I procollagen C-propeptide di-heptad sequence spanning the d positions of heptads two and four (Fig. 1A) , based on that adopted by the mutated form of the GCN4 leucine zipper (GCN4-pII, in which residues at the a and d positions are isoleucines) (45) was consistent with a three-stranded coiled-coil conformation free of steric clashes (Fig. 2) . Possible ionic interactions stabilizing the structure are listed in Table I . Based on this analysis, and in view of the recent observation that a diheptad repeat in SP-D is sufficient for trimerization (29), this suggests that the heptad repeats in the fibrillar procollagen C-propeptides could also act as oligomerization domains.
Coiled coils in procollagens as oligomerization domains -
In order to test whether the heptad repeats in the procollagen C-propeptides can act as oligomerization domains, we while the shorter peptide (residues 1172-1189) showed some signs of α-helical structure.
Therefore all three peptides are capable of adopting an α-helical fold.
The results obtained by circular dichroism were confirmed by cross-linking analysis using BS 3 , followed by SDS-PAGE, which showed trimerization of GCN4-pII but not of a similar length peptide (residues 1172-1202) from the human procollagen II C-propeptide (data not shown).
C-terminal coiled coils in other members of the collagen superfamily -Alpha-helical
coiled-coil heptad repeats were also found in the C-propeptides of known invertebrate fibrillar procollagens, including the sponge Ephydatia muelleri, hydra, annelids (alvinella, arenicola, riftia), mollusc (abalone) and sea urchin (Fig. 1C) (47, 48) . Both the length and distance of the heptad repeats from the end of the collagen triple-helical region were similar to those in the vertebrate fibrillar collagens (Fig. 1A) , though in hydra and annelid fibrillar procollagens the intervening sequence was relatively long (Fig. 1C) . Similar C-terminally located heptad sequences were also found in some bacteriophage tail fiber collagen-like proteins (data not shown).
As pointed out by Beck and Brodsky (49), a possible coiled-coil oligomerization domain C-terminal to the triple helix is also found in the collagen-like tail subunit of acetylcholinesterase (ColQ) (50) . The sequence (Fig. 1D ) consists of 2.5 heptad repeats and is found about 30 residues C-terminal to the last GPP triplet, similar to that in the procollagen Cpropeptides. Probable trimerization domains have also been identified in the multiplexins (collagens XV and XVIII) (51, 52) , immediately after the most C-terminal triple-helical domain. Examination of the corresponding sequences showed that these also contain heptad repeats indicative of coiled coils, albeit with a relative paucity of charged residues in positions e and g (Fig. 1D) . Finally, sequence analysis of the recently described collagen XXVI (53) also revealed a putative coiled-coil region (31) in the C-terminal non triple-helical domain (Fig. 1D ). This consists of 3 perfect heptad repeats and is located a similar distance from the end of the collagen triple-helical regions to those in ColQ and collagens XV and XVIII. Coiled coils N-terminal to collagen triple-helices have also been described in the scavenger receptors (35, 55) and the emilins (36). To add to this sub-group, sequence analysis revealed a perfect 3 heptad substructure (31) about 45 residues N-terminal to the first triplehelical domain in the recently described collagen XXVI (Fig. 1F ) (53) . Finally, N-terminally located heptad repeats were found in c. elegans cuticle collagens as well as streptococcus and bacteriophage tail fiber collagen-like proteins (data not shown).
N-terminal coiled coils -
Inter triple-helical domain coiled coils -Putative coiled-coil oligomerization domains were also found in the fibril associated collagens with interrupted triple-helices (FACITs).
Unlike the previous examples, however, these were found between (Gly-X-Y) n regions, in the NC2 domain, between triple-helical domains COL1 and COL2 (Fig. 1G) . A further distinguishing feature is that the coiled-coil regions in FACITs are discontinuous, consisting of two partially overlapping di-heptad repeats.
Coiled-coil sequences separating triple-helical regions were also found in collagens VII, XIII, XXIII and XXV (Fig. 1H,I ). The NC3 domains of collagens XIII and XXV, which are relatively highly conserved, consist of 2.5 heptad repeats, while that of collagen XXIII is much shorter (31). In collagen VII, the non triple-helical interruption in the long collagen domain contains 3 heptad repeats.
Intra-domain coiled coils -Finally, putative coiled-coil motifs were also found within von Willebrand factor A (VWA) domains. These occur N-terminal to the triple-helical region in collagen VII, and C-terminal to the triple-helical regions in all three chains of collagen VI, in the latter in domains known be required for trimerization (11, 12) . The corresponding sequence alignment is shown in Fig. 1J . Secondary structure prediction on the NPS@ server (56); www.ibcp.fr) indicated an α-helical conformation for all these sequences. Since all known three-dimensional structures of VWA domains (57) conform to a Rossman type fold with internal β-sheets and exposed α-helices, we predict that these putative coiled-coil sequences in collagens VI and VII would also be surface located. In this way, three adjacent VWA domains might trimerize via coiled-coil interactions.
Discussion
Here we show that most members of the collagen superfamily, including collagen triple-helix containing proteins not normally classified as collagens, contain short, 2-4 heptad Cooperativity between collagen-like and coiled-coil domains -The observation that the heptad repeat containing peptides from the N-terminal region of the procollagen II Cpropeptide do not form α-helical coiled coils independently shows that trimerization is a cooperative process involving both coiled-coil and collagen-like regions. The absence of coiled-coil formation with the isolated peptides is not surprising, as it is generally agreed that the minimum length for the formation of a coiled-coil as an autonomously folding unit is three heptad repeats or 21-23 residues (46) . Even the longest peptide examined (residues 1172-1202) contains only two perfect heptad repeats, given the presence of the aspartate residue at position a in heptad repeat 2 (Fig. 1A) . In addition to the collagen-like region, cooperativity probably also exists between folding of the coiled-coil region and of the rest of the Cpropeptide (see below).
Implications for the structures of procollagen C-propeptide regions -These
observations give insights into the three-dimensional structure of the procollagen Cpropeptides. Recent studies using low angle X-ray scattering have shown that the lowresolution structure of the isolated C-propeptide trimer from type III procollagen consists of three major lobes together with one minor lobe (59) . We hypothesized that each major lobe corresponds to the loop containing the intra-chain disulfide bonds in each of the three component chains, while the minor lobe corresponds to a putative junction region. Here we show that the junction region most likely begins with a three-stranded coiled coil. The threedimensional structure of the C-propeptide trimer therefore shows some similarities to the Cterminal regions of the collectins (24-26), where the CRD domains of each of the three chains also appear as independent lobes, connected by a coiled-coil junction region. 
Coiled-coils and procollagen assembly -
Heterotrimerization versus homotrimerization of fibrillar collagen α2 chains -
Detailed examination of the beginning of the heptad repeat region of the procollagen Cpropeptides reveals a possible explanation for the known tendency of α2 chains (in types I, V and XII collagens) not to form heterotrimers. As shown in Fig. 1A , these sequences are distinguished from all fibrillar procollagen α1 chains by the presence of proline residues within the first or second heptad repeat. Since proline residues cannot be incorporated into α-helices, other than in the first turn, the presence of prolines is likely to impede homotrimer assembly of α2 chains, thus favoring the assembly of heterotrimers in the presence of α1 chains. The fact that Lees et al (66) were able to obtain homotrimerization of proα2(I) chains, after having replaced their "molecular recognition sequence" by that of the proα1(III) chain,
shows however that homotrimerization of α2(I) chains is possible, when α1(I) chains are absent.
Inter triple-helical coiled coils -The presence of discontinuous heptad repeats in the inter triple-helical NC2 domain of FACITs was surprising and unusual. Skips and stutters, corresponding to an insertion of one residue and a deletion of three residues, respectively, in an otherwise continuous heptad repeat have been described in a number of coiled-coil structures (68) . In this case, however, there is an effective deletion of two residues between the overlapping heptad repeats. This is uncommon, and suggests either that there is a major perturbation of the structure at the site of the two-residue deletion, or that one of the heptad sequences dominates at the expense of the other. We suggest that these coiled-coil regions in the NC2 domains of the FACITs may be involved in trimerization and subsequent folding of the adjacent collagenous domains, in addition to the NC1 domains and adjoining hydroxyproline rich (GXY) n repeats (19-21). A similar conclusion has recently been reached in the case of the coiled-coil region in the NC3 domain of collagen XIII (31), where it was shown that the adjacent COL2 and COL3 regions can fold even when the N-terminal coiled coil is absent.
Conclusion -Heptad repeat sequences were not found in collagen IV nor in the nonemilin members of the C1q family which includes collagens VIII and X. In the case of type IV collagen, chain association is assured by the C-terminal non-triple helical domains (NC1, 230 residues), each of which consists of two homologous sub-domains. These associate to form trimers, consisting predominantly of β-strands, with a novel protein fold (9, 10) . In members of the C1q family, trimerization is assured by the C-terminal C1q domain (~160 residues), which assembles to form a tightly packed β-sandwich structure related to the tumor necrosis factor fold (17) . Thus different members of the collagen superfamily appear to have evolved three principal structural mechanisms to ensure chain trimerization in molecular assembly, either the type IV collagen NC1 domain, the C1q domain or, as suggested here, the α-helical coiled coil. (Fig. 1A) . g and e) and intra-chain (separated by 3 or 4 residues) interactions are indicated. Residues are identified according to the GCN4-pII sequence shown in Fig. 1A . 
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